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When one varies the source and load reactances during 
tuning of RF and IF amplifiers oscillations usually occur. This 
is due to the feedback within the device. Sufficient energy 
is fedback at the input terminal to cause oscillations. Feedback 
also makes the input immittance a function of the load immitta, iC 
and the output immittance a function of source immittance. The 
device may be represented as a nonunilateral active two-port 
network and a black box approach can be adopted for the analy- 
sis of these problems. 


Stem proposed a stability factor, k, in terms of the 
two-port parameters. For the two-port to be absolutely stable 
his stability factor k _> “I* Venkateswaran proposed another 
stability factor, s, which unlike Stem's stability factor is 
an invariant in h-, z-, y- and g- matrix environments. Provided 
s _> 1 , he showed that this stability factor and the maxim'um 
available power gain are simply related through the loop gain 
modulus. He also proposed an alignability factor, 6, which is 



XV 


an invariant in the. foiir matriic environments. This factor 
specifies the maximinn interaction "between ports. 

In the present work, it is shown (without evaluating 
the optimum terminations) that conjugate matching passive 
terminations provide the maximum power gain for a given abso- 
lutely stable two-port network. These optimim] terminations 
are derived based on a simple application of the v/ell known 
image parameter theory. 

A practical method is presented for quickly computi.v.? 
the ’invariant stability factor', optimum terminations .and 
maximum available power gain from eight simple measur'ement s. 

A detailed study is carried out on the variation of 
port immittances for various terminating immittances at the 
opposite port. It is shown that the locus of port immittance 
is a circle for purely real terminations at the opposite port. 
Expressions are given for evaluating the load for a. given input 
immittance on this circle. Sensitivity or interaction betvreen 
ports is also investigated. 

These results are used to obtain a design procedure 
for high Q inductive reactance from the circuits of Jindal 
and Dutta Roy. This design procedure is in terms of two-port 
admittance matrix parameters. 



CHAPTER 1 


INTRODUCTION 

Linear active networks, in particular linear active two- 
port networks forms an important branch of electronics. It has 
received considerable attention with the invention of the tran- 
sistor. Even nonlinear circuits like oscillators and mixers 
have been investigated under this head as it is simpler to apply 
linear analysis to network problems. 

Investigators in the area of linear active two-port 
networks were mainly concerned with the problem of stability, 
power gain and sensitivity as they have a bearing on the perfor- 
mance of the basic (electronic) amplifier. 

Linvill'' (1955), Stem^ (1956), Bahrs^ (1957), Venkateswaran 
and Booth Royd^^ (I960), and several others investigated the prob- 
lem of stability and maximum available power gain of active two- 
ports. Works of Stem and Bahrs are on similar lines though 
carried out independently. 

Stem^ derived the conditions for the stability of two- 
ports in terms of its parameters and proposed a stability factor. 
His approach to the problem was from port immittances. Bor 
stability the port immittance should have a non negative real 
pclrt for any passive termination at the opposite port. 
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1-6 

?eiil£ates5A^ran (19^1) proposed auotber stability factor 
which is an invariant in h-, z-, y- and g- matrix environments. 
He also showed that the maxim'um available power gain of an 
active two-port is simply related to this 'invariant stability 
factor' . 

Investigations of linvill and others reveal that the 
two-port can deliver maximum power only when it is provided 
with conjugate matched source and load terminations. They first 
derived these terminations and later showed that they are con- 
jugate matched terminations of the active two-port. 

The problem of maximum available power gain and asso- 
ciated terminations is investigated in Chapter 2. Without 
evaluating the port terminations, it is shown that the maxim’um 
power gain of an absolutely stable active two-port network is 
realisable with conjugate matching terminations, later, the 
expressions for these terminations are obtained, based on a 
simple application of the well known image parameter theory. 

A practical method is presented in Chapter 3 for quickly 
computing Yenkateswaran* s invariant stability factor, optimum 
source and load terminations and maximum available power gain. 
This is an extention of Zawels^^ (1963) method. 

Zawels showed that the locus of the port immittance is 
a circle for purely lossless terminations at the opposite port. 
The locus of port immittance for purely real terminations, the 
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■teCTiinatioji required, idr any poinir on the iinmittance circle and 
the axis of skew symmetry are in'vestigated in Chapter 3. 

pQ 

Venkateswaran ^ (1968) investigated the maximum inter- 
action between port immittances for small immittance changes 
and large reactance ( susceptance) changes at one of these 
ports, in 'invariant alignability factor’ was obta,ined from 
the maximum interaction. 

In Chapter 3 an exact expression for the interaction 
between port immittances is obtained for small immittance 
changes at a port. The maximum interaction between poifs is 
also investigated for large resistance (conductance) changes of 
terminating immittance. These interactions expressed as sensi- 
tivity measure are shown to be related to the centres apd radii 
of input and output port immittance circles. 

The port immittance circle can be shifted in the complex 
plane by proper feedback and termina.tion. This suggested a 
possible application in the analysis and design of a.ctive R-C 
circuits realising inductive reactance. 

Introduction of integrated circuits created ."the prob- 
lem of realising driving point inductive reactance with active 
semiconductor devices and R-C elements. Jindal (1967) and 
Dutta Roy^^(1964) reported circuits which can realise inductive 
reactance with high or even infinite Q. Analysis and design of 
these circuits, is presented in Chapters 4 and 5. This is in 
terms of short circuit admittance matrix parameters. 



CHAPTER 2 


STABILITY AND POWER GAIH 


2.1 Stability: 

2.1.1 Introduction: 

A non unilateral active two-port network can become 
unstable in the absence of external feedback provided that 

1 -7 

suitable terminations are connected to its terminal pairs. 
Instability may be desirable, as in the case of oscillator 

Q 

circuits. In many other applitations, however, the network 
containing an active element is expected to be stable. 

The stability of any given network can be analysed 
by locating its poles and zeros in the complex plane, It is, 
however, often useful and simpler to formulate the question 
of stability in the following, rather general, manner. ” What 
is the range of terminating immittance values at terminal 
pair 1/pair 2 and what is the frequency range for which the 
active element exhibits instability, if suitably terminated 
at terminal pair ^/pair l'? 

This question can be answered by analysing the proper- 
ties of the driving point immittance s of the active two-port 
under different conditions of termination. Potential (not 
necessarily actual) instability exists' if the real component 
of the driving imm ittance becomes negative at some real 
frequency. 
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2.1,2 Potential Instability and Absolute Stability: 

If the intemal feedback witbin an active two-port is 
sufficient to support oscillations that device is said to be 
potentially unstable. This statement may be clarified by 
reference to Figure 2.1. If there can be found some combi- 
nation of source immittance pg and load immittance pj^ that 
will cause oscillations, the active two-port in Figure 2.1 
is potentially unstable. On the otherhand, if no combina- 
tion of passive terminations oan cause oscillations, the 
two-port is said to be absolutely stable. The conditions 



Fig. 2.1: An active two-port with source and' load 
terminations. 


for absolute stability in terms of general active two-port 
matrix parameters ■ are derived below. 

2.1.3 Conditions for Absolute Stability: 

Characterise the two-port represented in Figure 2.1, 
by its general matrix 
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where etc. may he sets of h-, z-, y-, or g- matrix para- 
meters, pg and p^ are its passive source and load immittances, 
Pjj^^ and are the driving point immittances of the input 

and output ports respectively. 

For a two-port to he absolutely stable, the input and 

output port driving point imm ittances must have a non-negative 

real part for all passive terminations. If this condition is 

violated at any frequency, the active two-port is potentially 
■5 

unstable. 


The load immittance pj^ that minimizes -the real part of 
Pin obtained. Then 'the minimum value of this real part 
will be calculated, and the conditions under which this mini- 
mum is greater than zero will be determined. Similar anal^T'sis 
holds for the output port immittance where the source immittance 
Pg is varied. 


Hhe input port immittance p^ is given by 


m 


P 


11 


^12 ^21 
P22+5L 


...( 2 . 2 ) 


Let Pg^l = M + jN = L /0, Pgg + Pi, = Pp’ + Ps " Pl> 

...(2.3) 

M (Pgg-^^i,) “ (“22-^I.5 


flJii = f’lm * Px = Px 


Then, 


Pto = (Pin) = bl - 




Wi 


.P 1 I '■ 22'"!' 


(Poo+Pt.) 


JL 

P 11 


( '/ A 

• « « 


(a +0 ) 


^1(^22-" Pl)^ -p ("22-^ V®} 


Nr 

Dr 


...(2.5) 

...( 2 . 6 ) 
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>0 for the network to he short circuit/open circuit 
stable, Therefore, in order to examine the non negati'^e 
values of P^, one need only consider the sign of numerator. 
Numerator Nr may he rewritten as 


Nr - ■*' ^^22 ■■ 2P^^^^ ^ ^^22 2 P^^"^ 

t2 

, -±— ...(2.7) 


4p 


Therefore 


(Nr + 


4P 


11 


-) =-fpT + (P 


22 


11 




. . . ( 2 . 8 ) 

after making use of Eqn. (2.3). Ec^n. (2.8) represents a 
family of concentric circles with Nr as the parameter, with 


a common centre { ( 


M 


2 P. 


11 


22 


), ( 


N 


2 p. 


11 


- <=^ 22 ^ ^ 


(P^j ^l) plane as shown in Figure 2.2(a).^ The radius varies 
from 0 to as Nr increases from -1 /4P^^ to The criti- 
cal circle i.e., the circle for Nr = 0 is marked in the 
figure. All the inner circles correspond to Nr < 0 and the 
cuter circles to Nr > 0. If Nr is to remain positive for 
any passive termination p^ which can he represented hy a 
point (p^, Pj^) in the right half plane (as 9-^ cannot he -ve) 
then, every point in the right half plane Including the Pj^- 
axis must lie outside the critical circle. In other v/ords 
the critical circle must he , entirely , in the left half plane. 
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Therefore , 



(a) (h) 


Fig. 2.2 (a) Family of concentric circles in (Pj^j Pj,) 
plane with Nr as a parameter. 

(h) Critica.1 circle corresponding to Nr = 0. 

Car3:ying out a similar analysis for the output port 
gives the same condition. 

Hence, for the two-port to he absolutely stable for 
all w > 0 the following conditions should be satisfied. 

P.J., >0 P 22 > 0 ..,(2.11) 

and ^ 1 ^22 ...(2.12) 
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A potentially unstable two-port may be made absolutely 
stable by neutralization ^ or by loading the two-port with 
sufficiently large source and load conductances/resistances. 

2.1.4 Stability Factors: ' 

Based on the stability conditions given in Eqns. (2.11) 
and (2,12) Stem”*^ defined a stability factor k as 


2 0 P 

^ ^12 

L + M 


... (2.13) 


where + Pg and = P 22 

Thus k > 1 for absolute stability with a given pg and 
P^. This is a stabilitj^ factor of the two-port including p^ 
and p^. in inherent stability factor k^ is defined by 


^i = 


2p^1 P22 


Li-+ M 


... (2.14) 


Since P-j > P and P 2 ^ P 


22 


k > 


... (2.15) 


Thus a two-port network which is potentially unstable 
(k^ < 1) may be modified, suitably so that the modified network 
is absolutely stable (k > 1). The magnitude of stabilit 3 /' 
factor k (or k^) depends upon the matriz used, and may be 
dewpted by k^ where p = h, z, y, or g. The magnitudes of k^ 
are all > 1 or all = 1 or all < 1 in the regions of absolute 
stability, marginal stability, and potential instability res- 
pectively. Except in the case of marginal stability the values 


of 




are different. 


15 
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1 6 

Venkateswaran defined another pair •f factors called 
Invariant factor P and inherent invariant factor as follov’s: 


P = 


^“ 1^2 - ^ 


... ( 2 . 16 ) 


n. 

1 


? ^ 11^22 ~ 


... ( 2 . 17 ) 


Unlike k, the invariant factor is independent of the 
matri..:- used. 

1 6 

Venkatesvi-aran a.lso define an invariant stability factor 

s by 

s = n + -fi P^- 1 ) ... (2. 18) 

Similarly, the inherent invariant stability factor is 

defined by 

= p^ ■+ '.r( p ^ - 1 ) ... (2. 19) 

lor a.b solute stability of original 8.nd modified network 
respectively, 

s^ > 1 ... (2.20) 

and s>1 ■ ...(2.21) 

As s^ (or s) is function of p^ (or p ) alone, it is also 
independent of the ma.trix used. The stability factor s^ or s is simply 
related to KiG- (the maximum available power ga.in) of an absolutely 
sta.ble two-port network. The I’HQ is considered in the follov';ing 
sections. : 
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2 . 2 Ppyyer fialri: 

2,2.1 Introduction; 

In an active two-port model (represented in I'igure 2.3) 
which has infinite ox zero input immittance, the amplification 
(ratio of output voltage or current to input voltage or current) 
is a very useful measure of performance. This is true, for exam- 
ple, in many vacuum tube circuits. However, for two-port networks 
which reouire power at the input port, as transistors do, it is 

frequently much more significant to measure perfoimance in terms 

1 R 

of the flow cf power in the circuit. 

The pov/ei gain of an active two-port may he speoified in 
many different v/ays, depending on operating conditions and the 
purpose for which the gain expression is derived. Three types of 
power gain expressions are commonly used. They are namely power 
gain G'p, transducer power gain Gp and available power gain . 
These may be defined and expressed in terms of general matrix 
parameters with the help of Figure 2.3.^^ 
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Power gain G-p 


Power supplied to the load P^ 
Power in to the two-port 'i 


'21 


2 p 


... ( 2 . 22 ) 


in 


Transducer power gain G-^ 


Power delivered to the load 


P 


Power available from the source 


P 


avs 


4 I P 21 1 ^ P s P L 



1p-|P2 ~ ^12^21 


... (2.23) 


Power available at the output port P 

Available power gain = — 

Power available from the source "^avs 


i'.e { (p^P 22 ~ P-] 2 ^ 21^ ^ 1 ^ 


(2.24) 


where Re sta.nds for real part, p* is the conjugate of p^. 

In general, there are no simple relationships among Gp, 

G-gi and Gj^ because of-vthe nature of their definitions. However, 
one simple relationship exists between Gp, Gp and G^, namely, 

(^P^max = ^^T^max = ^'^A^max = provided that this maxi- 

mum available power gain is finitei i.e., the two-port is abso- 

19 

lutely stable. Thus the maximum available power gain is unique 
and an important property of a two-port. Hence, it is of interest 
to find the conditions to be satisfied and the optimum termina- 
tions for maximum available power gain. 
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2.2.2 Maxim-um Available Power Gain: 

To find the maximuin available power gain and optim-um 
terminations one may use any one of the following alternative 
methods : 

(1) Maximize Gp v/ith respect to the real and imaginaiy parts 
of the load immittance; then select the source impedence to 
conjugate match the input port terminated with (P][j)Qp-t;* 

(2) Maximize Gp with respect to real and imaginary parts of the 
the source and load immittance s. 

(3) Bflaximize Gj^ with respect to the real and imaginary parts 
of the source immittance, then select the load impedence to con- 
jugate match the output port terminated with (Ps)Qp-j 3 * 

7 1 R Pi 

Several authors'’ ~ studied the problem of maximum 
available power gain and optimum terminations required. The app- 
roach given below is simpler and probably more revealing than the 

21 

methods available elsewhere. 

2.2.3 Types of Terminations for Maximum Available Power Gain; 

The expression for transducer powder gain Gp, of Bqn.(2.23) 
is rewritten below for convenience. 

G = 7^iP 2ll^ Pp 
^ 1p^P 2 - Pi2P2ll^ 

The denominator Dr in the expression for the transducer 
power gain can be rewritten as 
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lir = (P^P^ - <^^^2 - +P2''l ■ •“ ^2.25) 

It can be observed that only the denominator contains and cr^. 
Hence for a given p^ and p^, v/e can ma-ximize the power gain by 
minimizing the denominator. 


differentiate the denominator with respect to and cr^ 
and equate each differential coefficient to zero for maxima or 
minima of by^to get"''^’^^ 


l!. 

P'1 


P 2 


X = 


£l .^2 2_ f 1_S. 

P 2 - - 


¥. 

11 


or p^ p 2 X ^ + ( p^ p 2 + M) X - h = 0 

22 

Ihese conditions ensure that 


... (2.26) 
. ,. (2.27) 



a. + = 0 and 

in o 


Pp 


= a 


out 


cf ^ = 0 '. . . (2.28) 


where p = p. 

Pi 1 


£.12 £ll 
“pY'” 




P 


Pg 


= P2 


^12 ^21 





... (2.29) 


Hence for minimizing the denominator or maximizing the power gain, 
the imaginary part of the ’total port immittance ’ must vanish at 
each port. This is true for all values of P.j and P 2 . 


The power gain expression can be rewritten as 

i2 


Gj = 


4 P 


21' Ps Pf 




(2.30) 
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With reactances timed out at the ports, power gain 


Giji - 


4 P 


21 


Ps "l 


iPc 


2 2 
Pn 

Pi 


I I Ppi I 

or - — --g- 


^in 


p . ( P . + P ri ) 


( 2 . 31 ) 


in 


since 


'1 


factor 


(fia '’s)‘ 


•5 in the ahowe 


expression has a maximum value of unity when p. = p e so that 


in 


this maximum power gain, 


f ? 

G,j., = 


P 


21 


(2.32) 


Pin 


G-j, can he maximized further with respect to and to get 
the me.ximum available power gain. Similarly, it can be shown 
that power gain is a maximum for p^^^ = p^ to get ' which 

can be maximised further with respect to Pg and *^3 "to get the 
same maximum available power gain as, above. To realise this 
unique maximum available power gain, the conditions 


PS = Pin' “4 Pl = Ooit ••• (2-53) 

Should be simultaneously satisfied in addition to the stipula- 
tion o =0 =0. 

Pi Pp 

Hence, for the maximum available power gain the following 

21 

four conditions -should, .be .ssbt isf ie dr..:!..;. ■ -1 ■ 

Ps = -Pln> Pl = - Pout’ fS ' Pto '’l = ''out (2.54) 

Clearly these four stipulations ensure conjugate matching ter- 
minations lor the given active two-port network and realise its 
maximum available power gain. 



16 


2.2.4 Optimiim Teiminations and Maximum A'vaila'ble Power G-ain: 

It is now established tho.t conjugate matching terminations 

give the maximum available power gain for the active two-port 

network. Expressions for these terminations v<^ill be derived 

^ 23,24 

based on the ?/ell known image parameter theory. 

Consider a device network with a general matrix [p] , Add 
a lossless source immittance and lossless load immittance ;i 3 
and j ^®speotively to produce a modified network as in Figure 
2.4. This modified network is representable by its general matrix 




p 

p 


11 

P12 

21 

P22 


(2.35) 


Let its image matching terminations^^ be zeal i.e. Pq^ = Pq^ and 

p 02 = Pq 2 ‘ Hence, for this modified network, image matching and 

conjugate matching terminations ^are identical. Terminations j p 3 

and D ^ 3 ;, must be such as to make the two image immittances purely 

real. Thus cr = a =0 for the modified network with 
P3 Pp 

source and load terminations, Pq^ ” ^01 “ ^02 “*^02 

= respectively. Therefore, for the original device network, 

Pg + jpg and pj^ + jOj^ are conjugate matching immittances. 

23 

For the device network 

P 0 I * (^11 522 - P 12 ^’2d) 

5o2 “ " 5,2 P 2 i)J' 


and 


• « • 


( 2 . 36 ) 
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I'or the modified netv/ork 


N L 


( LiiJ". 

- P 22 3 0^' 

( £.22 ^ jZli) 
p:^f‘-"das 


(P-l-j'^dc7s)(P22'^30i)-Pl2 P21y^ 
(p-j (P22'^3‘^1 ^“Pi2 ^21jJ 


... (?.37) 



Modified Network 


Pig. 2.4; 'De-vice Network' modified by reactive paddings such 
thof the 'modified network' has purely real image 
matching parameters. 

Phase angle of = (9-| - 02 + and phase angle of 

^02 ” *^^2 ~ Q-i ® 3)/2 ■'''•'dene 9^, 02 and 0^ refer to the phase angles 

of + jOg), (pgg + jn^) and {(p^^ + jOg) ,(p 22 + 2%)-V^2 ^21^ 

respectively. 

9^ - ©2 + 63 = ©2 - 0^ + ©3 = 0 ••• (2.38) 
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as Pq^ and P^^ are constrained to "be real. Hence 


= ©2 and = 0. 


(2.39.) 


Prom these conditions it simply follows that 
+ 0 

*^11 P22 


^11 S 


(2.40) 


and ( '^ 22 **” p 22 (^-l-l ^ ” *■ ~ 

or 2 p^ ^ ( a 22 ~ ® *“ (^.41) 

I'his gives 

T\T TvT 

... (2.42) 


^ S = 


a. 

^11 2P22 ’’ ~ " '=^22 TT 


11 


- M - 


h2 


and + jcg) (P 22 + dop) - P -|2 P 21 " ^11^22 " ” 4p^^P22 


(2.43) 


Hence P 


’ll ’’’ 

01 ^01 b 11 ^11^22 


4 ; '(■?-■> 


-,-2 

■2 - -2- 

'11 ^22 


) 


... (2.44) 


Similarly, 
, P 


p- = pi = 


02 *■^02 ■‘-U zp 


... (2.45) 


where I » lP-j2 P2li 'inherent invariant factor' 


\ = 


^P11 P22 


M 


as defined in Enn* (2.17). 


The maximum available power gain of an active two-port 


network is obtainable from the above conjugate matching termi- 
nations. It is given by”^^ 
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lvLk.Gr 


£21 

Pl2 


1 



( 2 . 46 ) 


where is the 'inherent invariant stability factor' defined in 
Eqn. (2.19). 

Having realised the importance of stability factor and 
its relation to po?/er gain one vrould like to evaluate these 
important factors for a given tvro-port. One obvious method, 
of course, is to compute these quantities from the matrix para- 
meters of the tv/o-port. But the measurement of transfer parameters 
require special techniques or bridges. An easier and simpler 
method is available vvhich depends upon the driving point immittances 
of the two-ports. This can be expected as the stability condi- 
tions are derived from the driving point immittances. 

The driving point immittances are considered in the next 


chapter. 



CHJIPTSR 3 


PORT BMITTMC®S OF ACTIVE TWO-PORTS 
3. 1 Introduction; 

Locus of driving point iminittance of input/output port of 
an active two-port network is a circle for lossless^^”^'^ or purely 
rea,l (including -ve values) terminations. Termination required, 
for any point on the circle can he obtained analytically or geo- 

OQ 

iiietrica.lly from the circle. 

The driving point immittance circles are useful tools in 
analysing active two-ports. The maximum modulus of sensitivity 
of the total port immittance to small immittance changes and 

pQ 

large lossless immittance changes is an invariant. ^ The maximum 
modulus of sensitivity of the total port immittance to large 
purely real (including -ve values) immittance changes is also 
an invariant. The modulus of sensitivity is simply related to 
the coordinates of centres and radii of the immittance circles. 

1 6 

Invariant factor, q , optimum real and imaginary parts 

of source and load immittances can be quickly computed from these 

eircles^"^. Practical method of Cripps and Slatter^*^ can be adopted 

,^21. 

for the measurement of ’measure of non-reciprocity', , and 

P^2 

the maximimi available power gain can be computed from the rela,- 

16 1 .Ppi, 

tion MAG- = ■- - — . Difficulties in the measurement of four- 

® P '^2 

pole parameters with short and/or open circuits and tedious 
calculations are avoided by this. 
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3.2 Inmiittance Circles: 

3.2.1 Driving ■point Xmmittance of an Active Two-P'ort Terriiinated 
in Lossless Immittance : 


Consider an active t-wo-port terminated in a lossless 
immittance, D Xi> output-port. Input port immittance 

cf this two-port in terms of the general matrix parameters des- 
cribed in Eqn. (2.1) is given by 


^1 2 P21 

^in ” ^11 P 22 


(3.1) 


yielding 

P 

and 


in 


- P -11 - 


in 


= a 


11 


MP 22 + 

2 ' 

^22 2 

iip^2 - 1^ 2 

p2 +0 2 
22 2 


where ^2 '^22 


^11’ ^ 


(3.2) 

(3.3) 


11 


etc. are defined by 


Eq.n. (2.5). 


Eliminate from Bqns. (3.2) and (3.5) t^ obtain 


(p. — aj)^ + ” '1^^) 

^^±n V ^ in V 


= c 


1 


(5.4) 


where = p 


M 


11 


2P22 ’ 


Dl = 0^^ 


. and c = 

2P22 1 2P22 


(3.5) 


Thus the locus of input port immittance for lossless load 
terminations is a circle with centre at (a^, b^) and radius, 
^^^25-27 illustrated in Eigure 5.1. 
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Similarly, the locus of output-pert immittance , 
for lossless source terminations, 3 g, is a circle defined hy 


( P 


out 


a- 9 )^ + ( = of 


where a. 


= P 


22 


lYi 

T p 


out ^2 

, to 


11 


22 


li 

2P 


and 0 . 


L 


11 


2 P 


11 


(3.6) 


(3.7) 



Pig. 3.1: Locus of p. . for reactive terminations, 
3^1 output-poit. 


These circles can he drawn by computing , b^ and c^ -or 
a 2 > b^ and C 2 from the matrix parameters of the two-port. Each 
circle can also be drawn from three measurements at one port 
with lossless terminations at opposite port.^"^ 
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These circles hereafter woulc be referred as input reactance 
circle and output reactance circle, for convenience. 

3.2.2 -uriving point Immittance of an A.ctive Two-Port Terminated 
in a. R. e al 1mm it t an ce : 


Consider the case where the two-port is terminated in a 
purely real (+ve or -ve) immittance, p^, at its output port. 


Then p . 


P 


in 


P 


12 ^21 


1 1 P 22 + Pp 


... (3.8) 


eliminating P = P^^ + from and ^ ^ one can obtain 

the relation 


+ (o^ . 


... (3,9) 


where = P 


-JL- n - a + 

11 ■ 20^2’ -^1 " 11 2a ~‘^ 


and = 


1 " 20 


22 


( 3 . 10 ) 


Thus the locus of input port immittance for purely real 
terminations is also a circle with centre at (A^, B^) and radius 

Cl. 

Similarly, the Iccus of output port immittance for purely 
real source terminations is a circle defined by 

(%ut - ^ 2 )^ ('’out - ' <^ 2 ^ ••• (5.11) 

where ^2 = “22 5“” °2 = rip (5-12) 

These circles hereafter would be referred as input resis- 
tance circle and output resistance circle, for convenience. 
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3.5 Output Port Termination for a (3.iven Input "Port Immittance : 


The termination required at the output/tnput port fcr any 
immittance point on the input/output reactance/resistance circle 
can be evaluated analytically or geometrically. The procedure is 
out lined in the following sections. 


3.3.1 Termination "Required at Output-Tort for any "point on the 
Input "Reactance Circle: 

Knowing ^ it is possible to evaluate the output 

28 

termination for any given point ^in^ circle of 

I'igure 3.1. Shift Ihe origin, 0, to O' whose coordinates are P^^ 

and cr ^ ^ and draw a nev/ set of axes parallel to the old set. Call 

? ! 

the new coordinates P^^^ and This is illustrated by I'igure 

f 

3.2. The new coordinates of the centre, C , of this circle are 
-M/ 2 P 22 -il/ 2 p 22 * expected point ( ^ , '^11^ coordi- 

nates or new origin lies on the circle. 


Hence 


From Eqns. (3.2) and (3.3), we get 

P ? 

f V.T HIT ^ 

a 


^ in 


_12 

P 22 


^In ""^11 _ P 22 


Pin “P1I 


M+H 


22 


M 


m 

■in 


1 + 


h 

M 


a 


= tan (0-0) 


in 


in 


where tan 0 = 


-iV2p22 

^^'P2~2 


and tan 0 = 


r 

Ar 

I 

in 


(3.13) 


(3.14) 


(3. 15) 
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The angles 9 and 0 are with reference to axis and are 

indicated in Pigiire 3.2. 

! f 

It is possible to evaluate P for any point on this 

circle, provided and or the new origin 0* knov.ai, 
can be evaluated either from the four-pole parameters of the 
tv/o-port or by measuring for three convenient lossless ter- 
minations, output-port including = 0 or In the 

latter case, a circle can be circumscribed through these three 

? 

points including 0 and the coordinates of the centre G* deter- 
mined in terms of the nev/ axes. These are -1^1/2 P 22 -1/2^22* 

Thus H/M and hence *^2/^22 calculated through Egn. (3.14). 


It is also possible to evaluate o^/ P 22 geemetrioally . Let 
X be any point on the circle of Figure 3.2 and YO' a diameter 
through O'. Then with proper sign a 2/^22 XY/O'X. 


The terminations for certain important points on this 
circle - redrawn in Fig. 3.3 - are tabulated together with their 
significance in Table 5.1. 


Similar analysis can be carried out on the output reac- 
tance circle to obtain the input source termination reauired. 


3.3.2 Termination "Reauired at OutputiPort for any "Point on the 
Input Resistance Circle : 


The termination reauired at cutput-port for any point 
cn the input resistance circle can be evaluated from the equation 



tan ( 0 - 9 ) 


... (3.16) 






Output teiminatlon for certain importcmt points on tbe input reactance circle 
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where 

M 

a! 

tsir e = ^ and tan 0 = ^ ... (3.17) 

^ Ixx 

^22 

This equation can he derived from p. and c: of ' p. 

expression given in Eqn. 3.8. can he evalua,ted analytically 

or geometrically hy adopting the method explained in the above 
section. Table 3.2 summarizes the terminations required for 
certain important points on the circle. 

3.4 Axis of Skew Symmetry; 

In Figure 3.2 <^2 "varies from 0 to °° as we travel from 

Y to O' on the circum-feyem.ce of the circle. Point I corres- 
ponds to t-uning out of the port { ^2 ~ * Similarly, point O' 

corresponds to short circuit for h- and y- matrix environment. 

For g- and z-matrix environment the situation is reversed. Draw 
a line PQ perpendicular to YO' and passing through the centre O' 
as in Figure 3.2. For this case, o^/ at point P equals +1 
and at point Q equals -1. It can he ^verified that the values of 
*^ 2/^22 pair of points, one above and the other below the 

line YO' are equal in magnitude but opposite in sign. Hence the 

P 8 

diameter YO' happens to be the axis of skew symmetry'' with res- 
pect to phase of P 2 . 

Axis of skew symmetry can simila.rly be drawn for resis- 
tance circle. Point Y in this. case, however, corresponds to 
tuning out of the port resistiviiy (P 2 = 


0) 



ut-Dut termination for certain importanx pcints on the input resistance ci: 
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5.5 Sensiti'vity of iort Ijranittances: 

3 . 5.1 Sensiti'vity to Small '.unmittance cihanges: 


lefine sensitivity total input pert iromittance , 

P-n ’ small immittance changes in the total output self-immi- 


ttance, p,, by 


5 (In p„) 


(3.18) 


Similoily define sensitivity, of total output pert 

immittance, p , for small immittance changes in the total input 

Pp 

self immittance p^, 

Prom the above definitions 


Ki 2 = K2I 


^12 P 2 I „ 

Pl Pp - P12 P2I 


(3.19) 


Thus the sensitivity, K, is an invariant for an inter- 
change of input and output ports. 

The modulus of sensitivity, |Kj ,is given by the expression 




This expression can be rewritten as 


(3.20) 


'J ('®'1 ® 1 )^ + (^1 + 


.. (3.21) 


» t T , ’ • ^ 

Maere a^ ,A|.j,b-j’rB-{> are the coordinates of centres and 'r&dii of 


eiiS'G!L;e'’a.: (•inclulddiig'- r^Pji)■^de;f^hed.^by■.'e■tl;m^ similar to Eqns.(3.5) 


and (3.10) 
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It is interesting to note that the factors 


2P P 
^ 1 2 




2P.^,-K 2P,^.-I[ 

> I — V ■- 1 ana i — V-- 


1. e . 


20 


are invariant in h-, z-, y- and g- ma.trix environments, 

2CT a +M 

= 1 I etc. 

h ^ y 

I’rom lion. ( 3 . 19 ), the maximum modulus of sensitivity 


... ( 3 . 22 ) 


can he vvritten as 
^'lmax= ' 


29 


... (3,25) 


|Pl P2 - Pi2 P21'min 
since changes in P 35 Pj, alter p^, but not the product p ^2 P 2 i 
Prcm Eqn. (2.29) 


P 1 P 2 - Pi2^’2iI . ^ IP 2 I 


min 


min 1 min 


> P 


1 ‘ . ' P n 

min ^2 min 


(3.24) 


The minimum of Ipol and the minimum of Ip | are usually 

'2' Pi 

obtained for different values of o^, the imaginary part ef pg. 
ipr the special case v/here these values coincide, the eauality 
sign holds in statement (3.24). Similarly for the minimum of 
jp.j and the minimum of jp |. 

' ir Q 

. The minimum of jp 2 l equals P 2 and occurs when vanishes. 

29 

The minimum modulus of p^ occurs when 


^ _ N 

^1 " w: 


Thus 


^2 ~ 1+M ‘ ^2 


2P^p2 - M - L 


1 min 


2p, 


... (3.25) 


.... (3.26) 
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Hence 


il ^ 

iricix 


, vvbere 6 = 


(3.27) 


' n and hence 6 is an invariant in matrix environments 
or for immittance substitution, under arbitrary lossless termi- 
nations and for interchange of input and output ports. 

3.5.2 Sensitivity Modulus Llaximum; 

Let the square of the modulus of the determinant, P-^P2~Pi2^21 
be denoted by D. Thus 

I) = ^ + (P^a^ +p^o^ . ... (3.28) 

D is a maximum or minimum with respect to the variables cr ^ and 
when Eqn.. . (2;*27') ma:i,:Satisfied^,o: ■ i'...!. 

P12'^21 i^eal and positive M = 1 and L = 0. Then, the 
only real root, X^,of ;*.ciiu-(2»27) ■.eqiialsnzepp Tlien; cr ^ and 
both vanish. Hence Eqn. (3.28) gives 


L . 

min 


(P^P^ - M)' 


... (3.29) 


Erom Eqs. (3.19), (3.27) and (3.29) 


'max 

’’■^min 


... (3.30) 


because M = 1. 


The terminations and this case can. also be 
obtained from Eqn. (3.25) by substituting zero for H. 

So far, we have considered the sensitivity for small 
immittance changes only. It is now proposed to investigate 
the sensitivity for large reactive changes. 
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3.5.5 Sensit i-vity to Large Reactive Changes: 


Define an input sensitivity, '^or large reactive 
changes at output port hy^^ 


t 

■12 


P. 


... p 


A p^ 


Po ~ Pc 




Ap, 


... (3.31) 


Here, the input port iiamittance has an initial value p^^^ and a 
final value p^^^ due to a large reactive change in the output self 
immittance from P 2 to P 2 . Thus Eqns. (3.18) and (3.31) are similar 
in f/^rm hut not in detail; changes in Eqn, (3.18) refer to soall 
immittances, vi?here(3Ls. in Sqn. (3.31) large reactive changes are 
considered. 


.Snn: 


lilarly an output sensitivity, fcr large reactive 

changes at input port can be defihed. 

I 


i'j ow 


K 


1 2 1 max 


... (3.32) 


P2 P. 


' P.. ' • 

^1 min 

is satisfied. 


P1 min 

is given by Eqn. (3.26) and occurs v/hen condition (-3.25) 


P2lmin 


occurs when the final value of the irna.gi- 
a o' i vanishes. Thus, as in E'qn. (3.25), 


nary part of P 2 , i.e. o 2 
the initial value of a 2 Np 2 /(n +'''0 end its final value 


^ 2 zero so that 


21 


K. 


1 2 ‘ max 


2d .^p 2 - 


6 


... (3.33) 


Since 6 is reciprocal, it follows that 


K 


12 1 max 


= l^'lnax 



34 


Thus, the maximum modulus of the sensitivity of the 
total port immittance to large reactive changes of the total 
self immittance at the opposite port equals 6. 


Proceeding on similar lines it is possible to show that 
the maximum modulus of sensitivity, say jK*’] , for large purely 
real (including -ve values) immittance variation is given by 


K 


where y 


max 


1 Y-1 
20- + M 


(3.34) 


5.6 Measurement of Optimum Terminations and Mil: 

The value* of n and optimum terminations are simply 
related to the coordinates of centres and radii of .input and 
output reactance circles. 


Prom the expressions of b..|, c^, a 2 , b 2 , Cg and h ^ 
it can easily be shown that 

n . = _1 = -£ ... (3.35) 

1 c.| C 2 

The optimum source and load terminations are given by 

Og = - ) = _ -b^ 

•’s 

... (3.36) 

"L = - (’’22 - " - ’^2 

and **1, ~ 2 ^ ” U “V (^2 “ ^ 
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Knowing j- — j , j.y.Q. can "be computed from the relation 


' p. 


Pi +f(r]f - 1) 


Kor finding the measure of non-reciprocity the experimen- 
tal method of Cripps and Slatter^*^ can he adopted. If the tv’/o- 
port is terminated hy convenient equal immittances, Pg, p^ in 
3-environment and modulii of forward and reverse operating 


voltage gains, g^^, g^^ talcen. 


( 3 . 37 ) 


Thus from eight simple measurements'^ , three at the 
input port and three at the output port for plotting the cir- 
cles and two more for evaluating the measure of non-reciprocity 
it is possible to evaluate or s^^, optimum p^, Pg, Pg, 


measure of non-reciprocity 


and IiIAG. 


The port immittance circle may lie in any part of the 
complex plane depending on the parameters of the two-port. By 
choosing proper feed hack network and terminating immittance 
it is possible to realise the required driving point immittance. 


Circuits for simulating inductance using transistor(s) 
and R-C elements are presented in the following chapters. Port 
immittance circles are used in the design of these circuits. 



CHAPTER IV 


IHDUCTMGE SEIUPATION - I 


4.1 Introduction; 

The need of a high Q inductance for use in integrated 
circuits is recognised for some time. Aside from the endeavours 
to have an inductance in the foim of an' evaporated film, there 
have been many attempts to realise them by the use of active 
semiconductor devices. The later may be classified imder two 
categories. One makes use of the reactance transistor circtiit^”^”^^ 
and the other the inductive transistor circuit , ^ 

51 55 

The basic reactance transistor circuit^ can realise 
large values of inductance but only of low Q. Jindal^^ has 
stated that a reactance transistor circuit can give inductive 
reactance with even infinite Q, when a resistance is added in 
series with base of the transistor. 

In this chapter the reactance transistor circuit is ana- 
lysed and a design procedure presented for realising the required 
inductance with maximum Q at the operating frequency. The ana- 
lysis and design of Jindal’s circuit for realising required 
inductance with infinite ’Q' is also presented. Examples based 
on a particular transistor are included. The design procedures 
are in terms of short circuit admittance matrix parameters and 
make use of the reactance circle. 
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Inductive transistor circuits are considered in the 
following chapter. 

4.2 The Basic Reactance Transistor Circuit; 

4.2.1 Basic Theory: 

The Basic reactance transistor circuit alongwith its 
equivalent circuit^^ is shown in Big. 4.1. The components 
and O2 are external to transistor. The "base voltage of the tran- 
sistor in Big. 4.1(a) lags the collector voltage by almost 90°, 
if R^ >> 1 /mC 2 and the input impedence of the transistor is 
>> I/WC 2 . The resulting collector current which is in phase', 
with the base voltage lags the collector voltage by nearly 90 °. 
Consequently, the circuit appears inductive to an external source. 
T|jis can be established by analysing the equivalent circuit given 
in Big. 4.1(b). 

4.2.2 Analysis: 

In Big. 4.1(b) C is the collector diode capacitance but 

c 

can include external collector base ca,pacitance if the base 
spreading resistance, r.j^i << 1 /^^. IB Bhe collector to ba.se 
shunt diode conductance, g^, is comparable to l/R^, it should 
be added to I/R 5 . Neglecting excess phase, the frequency res- 
ponse of the transistor can be approximated by the single pole 
model. This is done by letting 1/r^ C. = w ^ in the equivalent 
circuit of I'ig. 4 . 1 (b), where w ^ is the common emitter current 
gain cut-off frequency. The input resistance, r^ = ^^/(l-aQ), 
where r is the emitter resistance and is the common base low 

frequency current gain. 
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If we now let “p=(1 - a ) ^ , then stra,i^ht forward 

p o oc 

small signal analysis of the equivalent circuit of Fig. 4.1(h) 
33 

yields an expression for the equivalent series reactance 



“c = 5^ . 

3 c 


and = — + r^ Co 
cj 0) e 

a a 


(4.1) 


The equivalent series resistance of the circuit is 


R 




00 O 

+ (— •) ^ 


a 


a 


0) 


(4.2) 


From equation (4.1) we see that the circuit is certainly 

inductive if >> w . Because the minimum value is 

•^0 c a c 

fixed by the device, one must either make R^ small or 0 .^ large 
in order to obtain inductance. 


4.2.3 Design Procedure; 

The analysis of the circuit given above is very useful 
in understanding the circuit operation. But it is not useful 
in developing a design procedure. In many linear integrated 
circuit problems one is required to realise a specified value 
of inductance with a specified Q factor at an operating fre- 
quency. Hence, a design procedure in terms of the transistor 
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parameters at the operating frequency is developed helov^. The 
design developed is for maxim-urn Q as the Q can 8,1 ways le lowered 
hy shunting the inductance with a proper value of resistance. 

The transistor in the common emitter configuration of 
Pig. 4.1(a) can he represented hy its admittance matrix 


y = 


y 


11 


y 


12 


21 ^22 


Th 


e same with included, can he represented 


hy a modified admittance matrix 


R'l 


j 11 ,y 12 

y p 1, y 2 2 


(4.3) 



U. 







where 

y^i 

t 

= 

yii 

R3 

j_ 

R3 

f 

^12 ~ ^12 “ 

1 

1 

R3 

1 • • * 

R3 

( 4 . 4 ) 


ypi 

— 

^21 

^22 = ^22 + 


let 

yii 

=-g 

11 

e’tc, 

^11 ^ ®11 ■*' 

etc. 

( 4 . 5 ) 


yi2 

ypi 

= 

M + jN = 

I /9 

* * t 

( 4 . 6 ) 

and 

^12 

ypi 


11 

+ 

I’/e' 

• * • 

( 4 . 7 ) 


The locus of output admittance for susceptive input 
termination is a circle governed hy the equation 


(g. 


=22 


t 


2g 


) + (^0 - ^ 




11 


2g- 


) = ( 


11 


! 

f 

•'1 1 


1 


n 

41 


(4.8) 

This follows from Eqn. (3.6). 

T/e are interested in realising an output port susceptance, 
jho, with maximum Q or minimum g^. Por a given, h^ Eqn. (4.8) 
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can be rearranged in the form 


4 

^0 

+ B g^ + C = 0 

yielding 


g = 

®0 

-B ± ■\r(B^-4AC) 

2A 

whe re 


A = 

§11 

B = 

M’-2g)|^g22 

0 

§11 §22 §11 (^0-^22^ 

Brom Eqns. (4.4) to (4.7) 

Sll = 

§11 §3 §22 §22 §3 

^^1 = 

^22 ^ ^22 

II 

2 

M - ^ ^3 

n’ = 

H - (b.j2 ^^21^ ®3 

where g^ = 

VRj. 


(4.9) 

( 4 . 10 ) 

(4.11) 

( 4 . 12 ) 

(4.13) 


(4.14) 


A or ( = g^.| + VR- 3 ) always posit i-^e for a short circuit 

stable network. Hence, for evaluating g^ minimum only the 
expression with -ve sign on the right hand side of Eqn. (4.10) 
need be considered. 


For g^ to be minimum or maximum the differential of 

w.r.t. R^, the only variable in the expression, for g^, should 

be zero. This differentiation yields a sixth degree equation 

in Rrf. This equation can be solved for positive real roots. 

3 

The value of R^ giving the minimum value of g^ should be 
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selected from these roots. Value of Cg corresponding to this 
minimum and specified can now he calculated from the 
equation 

^ii ^ ^ (gp-Saz) m’ -(t^ - bgg) m' 

®il <:v^22) 'f' *(s^ - 4z^ 

where hg = wOj.. ... (4.15) 

This follows from Eqn. (3.14). 

Thus knowing the two-port parameters of the transistor 
it is possible to select the values of and C 2 to realise the 
required inductance with maximum ’Q*. Even the maximum Q rea- 
lisable with this circuit is very low. This low ’Q’ inductances, 
however, is useful in the design of wide band amplifiers. 

4.2.4 Example: 

A transistor type AE 115 was chosen at = 1 mA, 

= ~6 V and T = 300° 'K, Its common-emitter short circuited 
admittance parameters were measured at 5 MHz on an admittance 
bridge. Measured admittance parameters were as follows. 


^1.1 

= 0.4 mS 

and + 65.0 pE 

7i2 

= -2.5 pE 


^21 

= 35.4 mS 

and -169.4 pE 

and 722 

=0.01 mS 

and + 3.0 pE. 


Thd minimum value of inductance realised (for positive 
Rj and Cg) with this transistor at 5 MHz was 2f^H. The maximum 
Q obtainable is 3.06. The values of inductance, values of R^ 
and Cg, and the corresponding maximum Q realisable are summarized 
in Table 4.1. 
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Table 4. 1 

Values of and "fco realise given inductance with 


Inductance ( p-H) 

maximum Q . 
(ohms) 

C 2 (pP) 

Maximum Q 

2. 

318 

62 

1,15 

3 

605 

81 

2.07 

4 

801 

93 

2.53 

5 

968 

103 

2,80 

6 

1118 

113 ■ 

2.96 

7 

1254 

122 

3.03 

8 

1380 

130 

3.06 

9 

1498 

138 

3.05 

10 

1609 

145 

3.02 


4.3 Modified Reactance Transistor Circuit: 

4.3.1 Theory: 

34 

Jindal has stated that a circuit configura.tion represented 
in Pig. 4.2(a) can realise inductance with high or even infinite 
Q. Jindal's circuit can . :be rearranged as shown in Pig. 4. 2(b). 

It can be observed that Jindal’s circuit is similar to reactance 
transistor circuit of Pig. 4.1(a) with an extra resistance R-] , 
added in series with the base of the transistor. This R-| in 
conjunction with the input capacitance of the t ransistor 
produces extra lag in the collector current. This extra, lag 
in collector current produces negative resistance and thr.s a 
high Q inductance across the output terminals. 
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4.3.2 Analysis and Design: 


I’he transistor in the common-emitter configuration of 
Fig. 4.2(b) can be represented by its admittance matrix 


11 ^ ^2 


.7-1 ypn 

c. \ C.C. 


. The same with and included, can be 


represented by a modified admittance Uiatrix fy*'] 
whe re 

„ 1+y^^ (FH+R3) ,, y.p R3 - 1 - 

y = — ^ 7^0= 


-ft !l 

^11 ^12 

•^21 ^22 


yi 2 R 3 - 1 - y^^ R^ 


Rjd+y^^ R^) 


R 5 (1 +7^1 R-|) 


_ 721 R3 - 1 - 7^^ _ l+y^^R^+y^pR^+R^R, A 

— ^ ^ y o o “■ . 

R'^ (1+7ii R-]) R'z (1+7^^ R^i) 


11 


(4. 16) 


and 

A = 

= 7-11 

722 - 7i 2 721 " 

A 4 - 

r 

0 A ... 

( 4 . 17 ) 

Let 

^11 = 

= gii 

+ jb^^ etc, y"^ = 

!! 

gii+ 

?! 

^ i i • • • • 

( 4 . ie) 


7i2 

+ 721 

= 7s = gs+ 3^s 


• * « 

( 4 . 19 ) 


7i2 

721 

= M + p = 1 /e 


« » • 

( 4 . 20 ) 

and 

t t 

^12 

If 

721 

= m" + jR” = l” 

Za 

« » • 

(4.21) 


The stability based invariant factor, p , of the network 


with R. and R, is given by 

„ .1 M .,tf 


2gi'i g22 " 


( 4 . 22 ) 


The locus of output port admittance for susceptive input 
or generator termination, 0 'bg? is a circle with centre at 

Sgi’i goo - 2g”^ b-’p - n” ^ 

/ \\C.(L. \ { «_ J ^ OTP rp “F 1^0 1 n o 


) , ( 


) and of radius 



46 


When n equals imity, the output port admittance circle 
will just touch the jm axis and lie on its right. At the point 
of contact between this circle and the ju axis, the output 
port admittance, will he purely imaginary, being given by 
the ordinate of the centre of this circle. Thus a.t the point 
of contact 


y. 


= 


D ( 


^22 


n 


2g 


... (4.25) 


11 


The Q corresponding to y^ of Eqn. (4. S.'S) is infinite. The required 

input port susceptive termination, jb„, for above y , is given by 

lO o 

* * . (4* 24) 


•=11 * ’"s 


M 


II 

hi 


Using Eqns. (4.16) ^0 (4.21), Eqn. (4.25) can be rea.rr.anged' 
to express in terms of R^"' . The a-lgebra is tedious. The 
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final result is 


(A + BR.^ + CR^) (1 + 2g^^ R^ 4- R^ ) 

(D + ER., + ER^ + GR^) 


R. 


.. (4.25) 


Where 


A - 13^ + 2b22 - Sl’o 

B = 2(Sllt22-S22'’ii+''l> * 

2 

c = 2(g^., ^ i “ ^11 ^r “ ^0 l^1li ^ 

D = N - 2g^^ (b22 - 

E — -j -j •] ) “S'] ■] ( Sj "1^ 22"”®22'^ 1 ^ i~^'^o^11^ 


I 


-(^22-^0^1^11 


} 


.. (4.26) 
.. (4.27) 
.. (4.28) 
.. (4.29) 

. (A. 50) 
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P = 


N(gii-b2i)_2Mg^^TD^1_2g^^(g^/ i-^11 

"‘^l^'l'll ^S'l'l ^ 22 ~^ 22 ^ 11"^^ i~^^o^1 1^ *** 


cine 


-2 y 


-I -j I ^i “ ^11 ” "^o ^11 ^ **’ ( 4 . 32 ) 


When the value of as given by Eqns. (4.25) to (4.32) 
is substituted in n of Eqn. (4.22) taken as unity - for infinite 
Q - 12th degree equation in results. This equation has 
to be solved for positive real roots, let the positive real 
roots of this equation be R. , R^, etc. Substitution of these 
values of R,j in Eqn. (4.25) gives real R^^^, R^-j^ etc. Substitu- 
tion of R^g^ and R^^ in Eqn. (4.24) gives Similarly 

gi've b(,^. It is then necessary to select a set of values 
like R-|g 5 R 3 g_> 'b, 3 g_ such that R^^ and bg^^ are both positive. 

= 2 ! 2 g_‘R^Q^ is already positive. Onlj!- then, positive v.alues 


Sa 


for R^ , C 2 and R^ will be obtained. There can be more than one 
set of suitable values for R,| , C 2 arid R^. Any suitable set of 
values will give the desired inductance b^ with infinite Q. 

4.3.3 Example : 


The same transistor type AE 115 described in Section 
4.2.4 is chosen again for realising infinite Q inductance.- 

The maximum and minimum values of inductance realised 
with this transistor at 5 MHz werei3y H and Gy H respectively. 
The 12th degree equation in R^ yielded only two positive real 
roots R^j^ and R^^ (R^-^ > R^g_). Eqn. (4.25) then gave two 
corresponding values R^^ and R^^ that were real and positive, 



48 


(R^l^ < ) • Substitution in Eqn. (4.24) then gave tv/o positive 

real values and ^*^2b 4-. 2 summarizes 

these results obtained with the help of a digital computer. 

Yalues of inductance greater than 13 H upto 40 ^ H 
with infinite Q were obtained b^r the addition of suitable values 
of capacitance between base and emitter terminals. The prob- 
lem is equivalent to changing b^^ or base capacitance of the 
transistor and the same design procedure holds good for each 
value of C,|. Table 4.3 summarizes the effect of C. on the 

‘T 4 

maximum value of inductance realisable. Further increa,se in 
simulated inductance is possible with higher emitter currents. 

These results are experimentally verified. For example, 
for inductance = 10 yH, the output port Q was too high to be 
measured and the admittance bridge gave -98 pF at 5 MHz instead 
of-100 pF which corresponds to 10 UH. V.liere tolerance of com- 
ponents makes n of network slightly less than unity, the network 
can be brought to the verge of stability by a slight change in Cgj 
which doesnot affect inductance value. This follows from the 
property of the output port admittance circle. 
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TalDle 4.2 

Two suitable sets of values for ^nd to realise 

given LcjWith infinite Q 


lo 

UH 

obns 

°2a 

pF 

3a 

obms 

^1b 

ohms 

°2b 

pP 

^^3b 

ohms 

6 

577 

163.2 

466 

744 

155.8 

392 

7 

444 

148.7 

711 

1127 

122.6 

387 

8 

422 

133. 1 

923 

1394 

100.7 

437 

9 

430 

118.7 

1137 

1622 

83.9 

514 

10 

461 

104.8 

1358 

1816 

70.4 

621 

1 1 

516 

91.2 

1587 

1965 

59.3 

771 

12 

612 

77.0 

1822 

2033 

50. 1 

991 

13 

803 

61.1 

2039 

1944 

42.9 

1345 





Table 4.3 



Effect of 

capacitance 

C^ on the 

value of 

inductance 




= 1 m; 

a. = 65 

.0 pE 


Capacitance 

Cl1+C^ pj 


Minimum 

loR H 

Maximum 

Lo^ H 


100 



6 


21 


150 



7 


30 


200 



9 


35 


250 



12 


37 


300 



18 


32 


CHAPTER 5 


INDUCTANCE SIIfCJDATION - II 


5.1 Introduction: 

A single non a’valarche transistor with a resistance in the 

Ease can realize an inductance with low This circuit 

52 41 . 1 -j. j- 

is referred as ’inducti've transistor circuit ’ in literature. 
Dutta Roy^^ reported a, two transistor circuit which can realize 
high or even infinite Q, inductance. In this chapter the induc- 
tive transistor circuit and Dutta Roy’s circuit are analysed. A 
design procedure for Dutta Roy’s circuit is presented for realiz- 
ing required inductance with infinite Q. It is in terms of short 
circuit admittance matrix parameters. An alternative circuit 
arrangement employing reactance transistor circuit is suggested. 
An illustrative example is included. 

5.2 Inductive Transistor Circuit: 

A transistor with a grounded collector and a large hase 
resistance may exhibit an Inductance between emitter and ground 
if operated well above p and below a-cut-off frequencies. The 
basic inductive transistor circuit alongwith its equivalent 
circuit is given in Eig. 5.1. 

The input impedence - of the inductive transistor circuit 

32 

can be derived with the help of the equivalent circuit given 
in Eigure 5.1(b). If we assume that the collector cut-off . 
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frequency ^ much higher theji the alpha cut- 

h c 

off frequency f^, we get 

^In " ••• (5.1) 

Tho "yiature of variation of current omplificotion factor"^^, 
a, for transistors is shown in Figure 5.2. a in the base cut 
off region is approximately determined by the equation 

Uq 

a = ~ ... (5.2) 

1+D C'^) 
a 

3ubstitn.t ing for a in equation (5.1) 

^in ~ ^0 ^b ( ^ ^b ^i *‘* (5*3) 

Thus produces inductive part in the input impedence, 
provided the transistor is opera.ted in the proper frequency 
range . 

The inductive transistor of Figure 5.1(a) can be roa,rr?nged 
as shown in Figure 5.1(c), 


The latter arrangement can be viewed a.s an active two-port 
terminated in a resistance at the input port. Knowing a set of 
matrix parameters for the active two-poif the output port immi- 
ttance circle for resistive termination at the input port may 
be plotted as explained in section 3.2.2 of Chapter 3. The 
maximum inductance, minimum inductance, maximum Q etc. realisa- 
ble from this simple circuit and the corresponding resistive 
terminations required may now be evaluated analytically from* 
the formulae given in Table 3.2 or geometrically from the circle 
plot as explained in section 3.3.2 of Chapter 3, .-—,1 

‘" 6'89 
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5.5 Dutta Roy's Circuit: 

5.3.1 Theory; 

The circuit arrangement for realising high-Q inductance 
proposed hy Dutta Roy^^ is shown in Rig. 5.3(a). This may he 
looked upon as an inducti’ve transistor T^ connected at the hase 
of another' transistor T 2 . The inductive transistor T^ can he 
replaced hy its equivalent - lossy inductance - as shown in 
Rigure 5.3(h). The input impedence, 2 ^, of the composite tran- 
sistor is given hy 

^in = ^e + + ^h) + ;3 ^i] 3 

= Qr’ + (Ri + r^) (1 - a^) - 3 

+ D C^-“r) ^1 “1 + ^hH ••• (5.4) 

where primed quantities refer to transistor T 2 . 

Thus hy choosing proper frequency and proper X^ it is 
possible to reduce the resistive part to zero or even to -ve value 
and thus increase the 'Q'. 

5 . 3.2 Analysis and Design: 

17 

Rearrange Dutta Roy's circuit as a cascaded two-port of 
two common collector amplifiers terminated hy a source conductance 
gg as shown in Rigure 5.4. Transistor T^ (includes bias resistances 
R^ , Rg) has a source admittance gg while transistor T 2 (includes 
bias resistances R^, R^) sees a simiHated source admittance 
g + + jh^ . g^ and h^ are the real and imaginary parts of 
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Fig. 5. 3(a) Dutta Roy's circuit (Id) Dutta Roy's circuit witti 

the inductive transistor replaced hy its equivalent 
'lossy inductance'. 
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output admittance of transistor termins-ted in gg. For posi- 
tive g and gg, the simulated source admittance for transistor 
^2 ~ S Sq ^ "^q) is equivalent to a low Q inductance .Inis 

makes the total self input admittance; ( “ 7 -^-] Fq) 
transistor satisfy the conditions 

= Im (y^) < 

... (5.5) 

and = Re (y^) > g^^ 

Hence the output port admittance, y^, of transistor T 2 
changes due to this simulated low Q inductance at its input 
port. 


The 'output resistance circle' for transistor T 2 is 
governed hy the equation 


(g 


O ' ^22— :2h 


M ' 2 . ■- , 2 , .,2 

O'-cc: ' 


(5.6) 

The centre of this 'output resistance circle' moves from C to 
O' along AC when the transistor T 2 is terminated® hy y'g. Here A 
corresponds to g 22 + 3^22* illustrated in Figure 5.5. 


The radius AC 


L 


2 h 


11 


while the changed radius AC 


2 h. 


All 


data , refer to transistor T 2 . 


The right choice of gg and g makes the new circle cut/ 

touch the imaginaiy axis at D where y^ = -3 (CD) = - . 0 is 

■^o 

the origin of . noordinates, w the angular frequency considered 

and L the simulated inductance with infinite Q. 

0 
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For any gi'ven Td^ the teimination, gg, reouired may he evaluated 
from Eqn. (5.12). 

Thus gg can ho chosen to provide the required inductance 
termination to transistor T 2 . 

If gg is positive Eqn. (5.10) can he satisfied hy adding 
a positive or negative conductance g at its input port. Provi- 
ded g is also positive the required inductance with infinite Q 
is directly realizable. This procedure is illustra,ted hy an 
example. 

5.5.3 Example: 

Two type 2N428 transistors were chosen to operate at 
I 0 ~ 4iDi., = -4V and T = 500 °K. Their common collector y- 
matrix parameters were measured (alongwith their hia.sing resis- 
tances) at 5 Mz on an admittance bridge. Measured parameters 
for transistors T^ and T 2 are given below. 

Transistor T^ : 

y^., = (9.10 + 3 2.36) mS 

yi 2 = -(8.90 + 3 2.23) mS 

y 2 ^ = -(8.74 - 3 15.5) mS 

y 22 = (9-64 - 3 15.2) mS 

He-nce ^12^21 ^ ^ 

Transistor T 2 : 

y^^ = (9.05 + 3 2.11) mS 

y ^2 = -(8.85 + 3 1*95) mS 





of tho circuit of -Uutta Roj'-. 
k-],R 2 and R5,R4 are biasing resistances o/tu 
and i2._Ror the test circuit R. aj^d R^ each ^ 
equals 5 . IK in parallel with 5 bK while Ro and 
K4 each equals 10 K. 





6<V 


^21 ” “(^0*7 17*7) ffliS 

^22 ~ (11.6 - 3 17 . 4 ) mS 

He-nce ~ ^”^29 - 3 136) y 

Let a 5 H inductance with infinite Q "be required at the 
output port of transistor Lg* At 5 MHz its susceptance hQ=-6,37 mS, 
The susceptance needed at the input port of transistor T 2 is cal- 
culated from Eqn. (5.9) and transistor T 2 data. This susceptance, 
hg = hi ~ = -2.73 mS. To simulate h^ = -2.73 mS at the output 

port of transistor T^ we need a suitable source termination gg 
which is given by Eqn. (5.12) and transistor T^ data.gg = 1.80 mS.' 
Substituting for gg in Eqn. (5.11) gives a simulated conductance 
g^ = 2.06 mS. Eqn. (5.10) v/ith transistor T 2 data, b^ = - ,^ 7 ^ 

= - 6*37 mS, g^ = 0 mS gives a gg of 2.62 mS. The extra conduc- 
tance g required at the intermediate port equals (2.62 - 2.06) 
mS or 0.56 mS. 

Thus gg at the input port equals 1.80 mS and g at the 
intermediate port equals 0.56 mS. At the output port an induc- 
tance of 51^H with infinite Q is obtained. These results have 
been verified experimentally. 

5.4 An Alternative Circuit Arrangement; 

The inductive transistor circuit providing lossy Inductance 
termination for transistor T2 in Fig. 5.4i ^ay be replaced by a 
reactance transistor circuit as shown in Figure 5. 6. 

The inductance termination required at the input port of 
transistor Tg can be realised by adopting the design procedure 
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outlined in section 4.2.3 of Chapter 4. This circuit arrangement 
is more flexible than Du'Sta Roy's circuit as there is one more 
■variable ’ C^' available for controlling the output port admittance 
of transistor which in turn controls the output port admittance 



1*18. 5.6; An a. c. equivalent of the alternative 
circuit arrangement for realising high 
Q inductance. 
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of transistor ^ 2 . This is confiiraed by the results tabulated 
in Table 5.1. For the same value of simulated inductance, . 
the reactive transistor T^ of Fig. 5.6 provides a higher Q than 
the inductive transistor T^ of Fig. 5,4. 

Table 5.2 simimarizes the values of components required for 
given output inductance with infinite Q for the circuit 5.4 of 
Dutta Roy employing an inductive transistor T^ and the modified 
circuit 5.6 employing a reactive transistor T^. It can be seen 
that values of inductance beyond 7^H upto 9 are obtainable 
only with the modified circuit of Fig. 5.6. The results are 
not very striking because transistor type 2^ 428 used for simulat 
ing inductance at 5 IHz has a cut off of only 17 Rfflz. 

When transistor type AF 11S with a cut off f 3 ?equency of 
75 MHz replaces transistor type 2N 428, the circuit of Dutta Roy 
does not realize an inductance with infinite Q of even 1 value 
The modified circuit can realize upto 7|^H. The required values 
of components for realising various values of inductance are 
summarized in Table 5.3. 



Comparison of Q values of simulated inductance for inductive and reactive 
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Table 5,2 

Values of components required for given output inductance with infinite Q for 
Dutta Roy*s circuit and the modified circuit using transistor type 2N 428*. 
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Values of components inquired for .given output inductance v/itb 
infinite Q for the modified circuit using transistor type 
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CmiPTER 6 


G ON CIU SIDES 

Stability, power gain and sensitivity or the interaction 
between ports are simply related to the port immittance circles. 
Thus port immittance circles are useful ii the study of basic 
properties of active two-ports. 

The technique presented for the measurement of stability 
factor is very useful in the design of tuned amplifiers. The 
maximum modulus of sensitivity for small immittance changes aiid 
large reactive changes is also useful in the design of tuned 
amplifiers, as it specifies the interaction between ports vTiile 

pQ 

the tuning is carried out. 

Input/output port resistance/reactance circles C':n be 
drawn by measuring the input/output port immittance for three con - 
venient resistance/reactance terminations at the opposite port. 
Drawing the port immittance circles for a three terminal device 
at its input and output p»rts, in all the three configurations, 
it is possible to know the potentialities of the device in rea- 
lising driving point negative-resistance, inductance etc. The 
type of feed back component and the type of termination to be 
provided for realising required driving point immittance can 
also be inferred from these circles, for example, studies on 
transistor in its three configurations suggest - i) capacitive 
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termination at input port reflects induct i've reactance at output 
port in common emitter configuration, ii) resistiize termination 
at input port in common collector configuration reflects induc- 
tive reactance at output port iii) inductance termination at 
input port in common collector configuration reflects inductive 
reactance and negative resistance at output port. Combination 
of (i) and (ii) yields the reactance transistor circuit, (ii) the 
inductive transistor circuit; and combination of (ii) and (iii) 
yields Dutta Roy's circuit. 

The modified reactance transistor circuit of Jindal and 
the Darlington pair connection suggested by Dutta Roy can realise 
inductances with very high Q. For Dutta Roy's circuit the operal 
ing frequency should fall in the frequency band in which the tran 
sistor is potentially unstable in its common collector configura- 
tion. This restriction is not there for Jindal' s circuit. Thus 
Jindal 's circuit is less dependent on the device properties for 
its operation than Dutta Roy's circuit. 

Both Jindal’ s and Dutta Roy's circuit configurations are 
sensitive to temperature^^’^^. This draw back, however, may be 

over come by the use of FETs which are less sensitive to tempo— 

^ 48 

rature 

The design procedures presented are completely general 
in terms of two-port matrix parameters. Hence, these proce- 
dures can be applied to design circuits for simulating induc- 
tances using FETs. Similar circuit configurations can be 
employed. 
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The recent trend is to simulate inductance by means of 
impedence convertors, gyrators"^^ and unity gain amplifiers. 
Excellent results have been reported. But the circuitry is 
rather complex. 



REEEKEWCES 


LINVILl, J.G-., " The relationship of transistor para- 
meters to amplifier perfoimance IRE, AIES Conference 
on transistor circuits, Pensyl'uania University, 

Eehruary 17 , 19 55 . 

LLElffilLIIN, E.B. , ” Some fundamental properties of trans- 
mission systems”, Proc. IRE, V 0 I. 40 , No. 5, March 1952, 
pp. 271-283. 

STERN, A.P. , ” Considerations on the stability of active 
elements and applications to transistors", IRE. Natl. 

Conv. Record, Pt. 2, 1956, pp. 46-52. 

BiiHRS, &.S., " Stable amplifiers using potentially uns- 
table elements", IRE Wescon Conv. Record 1, Pt. 2, 

1957 , pp. 185-189. 

GHAUSI, M. S., "Principles and design of linear active 
circuits", McGraw Hill Book Co., 1965, pp. 62-69. 

LINUIIL, J.G. and GIBBONS, J.E., "Transistors and active 
circuits", McGraw Hill Book Co., 1961, Ch. 12. 

GARTNER, W.W. , "Transistors, principles, design and 
applications", D. Van Nostrand Co., I960, pp. 368-379. 

PAGE, D.F. and BOOTHROYD, A.R. , " Instability in two- 
port active networks", Trans, of IRE on circuit theory, Vol. 
GT-5, No. 2, June 1958, pp. 133-139. 

KUO, B.O., "Automatic control systems", Prentice Hall of 
India Pvt. ltd., 1967, Ch. 7. 

CHENG, C.C., "Neutralization and unilaterization", Trans, 
of IRE on circuit theory, Vol. CT-2, June 1955, pp. 138-145. 

STERN, A.P., illDRIDGE, C.A. , and CHOW, W.E. , " Internal 
feedback and neutralisation of transistor amplifiers", 

Proc. IRE, Vol. 43, No. 7, July 1955, pp. 838-847. 

CHU, G.I., "Unilaterization of junction transistor ampli- 
fiers at high frequencies", Proc. IRE, Vol. 43, No. 8, 
August 1955 , pp. 1001-1006. 

COTE, A.J., Jr. , " E’valuation of junction transistor neu- 
tralization networks", Trans, of IRE on circuit theory, 

Vol. CT-5, No. 2, June 1958, pp. 95-103. 



70 


14. STEM, A.P. , “ StalDility and power gain of tuned transistor 
amplifiers", Proc. lEE, Yol. 45, No. 3, Bferch, 1957, 

pp. 355-343. 

15. ■YENKATESWARAN , S. and BOOTHROYD, A.R. , "Power gain and 
"bandwidth of tuned transistor amplifier stages", Proc. 
lEE, Vol. 106, Pt. B, Suppl. No. 15, January I960, 

pp. 518-529. 

16. Yl.-NKAiE 31/AR/lN , S. " ^in in'variant stability factor and its 
physical significance", Proc. IEE,Yol. 109, Pt. C, No. 15, 
March 1962, pp. 98-102. (lEE Monograph No. 468E September 
1961 ). 

17. ROllETT, J.M, , " Stability and power gain invariants of 
linear two-ports", IRE Trans, on circuit theoiy, Yol.GT-9 , 
No. 1, March 1962, pp. 29-32. 

18. REM^EENCE 6, pp. 242-248. 


19. REIERENCE 5, pp. 70-72. 


20 . 


21 . 


22 . 


23. 


24. 


25. 


26. 


BRAMIEY, E.N., " Two-port terminations for maximum power 
gain", IKE, Trans, on circuit theoiy, Yol. CT-6, No. 4, 
December 1959, p. 390. 

YENKATESWARUI, S. and SARVA, P.S., "Maximum available 
power gain of active two-ports", Electronics Letters, 

Yol, 4, No. 13, June 28, 1968, pp. 278-279. 

1/ENKATESWARilK', S. , " Stability, power gain and baidwidth 
of linear active four-pole networks, with particular refe- 
rence to transistor amplifiers at higher frequencies^. 
University of London Ph.D. Thesis, June 1961, Appendix 2.2, 
p. 92. 

VAN VALKENBERG, M.B. , "Modem Network synthesis", John 
Wiley and Sons, 1965, Ch. 16. 

ZAWELS, J., " Travelling- wave analysis of generalised 
networks", lEE, Vol. 108, Pt. C, No. 14, September 1961, 
pp. 300-308. 

ZAWELS, J. , "Gain stability relationship", lEEB Trans, 
on circuit theory, " Vol. CT-10, No. 1, March 1963, 

pp. 109-110. 

WJEDINA, M.A. and SCARLETT, R.M, , " A method of evaluating 
the stability factor of a two-port network", Proc. IEEE, 
Vol, 54, No. 12, December 1966, pp. 1959-60. 



11 


27. "VENKATESWi^IN , S. and S^iRJiLl, P.S,, ” Quick computation 
of stability factor, optimum t eliminations, and maximum 
power gain of active two-ports”, Proc. ISE, Vol. 114, 

No. 11, November 1967, pp. 1655-1656. 

28. SARMil,P.S. and TENKilTESWARAN, S. , ” Port immittances of 
active two-port networks” - To be published in the 
inaugural issue of the Journal of Electronics and Pata 
Processing, India. 

29. VENKATE SWARM , S. , ” An invariant alignability factor 
and its significance”. The Radio and Electronic Engineer, 
Vol. 35, No. 6, June 1968, pp. 361-368. 

30. CKIPPS, I.G-. and SLATTER, J.A.G. , " Amplifier gain and 
stability”, Jour. Brit. IRE, Vol. 22, No. 5, May 1961, 
p. 417. 

31. EUJIMURA, Y, and Mil, N. , ” Reactance transistor ”, Proc. 
IRE, Vol. 48, No. 1, January I960, p. 118. 

32. DHL, H.G., ” Inductive semiconductor elements and their 
application in band pass amplifiers”, IRE Trans, on 
military electronics, Vol. MIL-5, No. 3, July 1961, 

pp. 239-250. 

33. JOSEPHS, H.C., GEORG-E, R.I. and BILLETTE, R. , ” Solid 
state inductors”. Solid State Electronics, Vol. 8, No. 10, 
October 1965, pp. 775-788. 

34. JINDAL, G.R. , ” A high Q single inductive transistor 
arrangement”, Proc. IEEE, Vol. 55, No. 1, January 1967, 
pp. 105-107. 

35. SARMA, P.S. and VBNKilTBSWARAN , S. , ” Simulated inductance 
with a transistor and R-C elements”, Electronics Letters, 
Vol. 5, No. 26, December 27, 1969, pp. 689-691. 

36. VENKATESWARilN, S. and RADHAKRISHNA RiiO, K. , "Driving 
point inductance of a transistor with R-C feedback”, 

Int. Journal of Electronics, Vol. 28, No. 4, April 1970, 
pp. 311-317. 

37. EVANS, D.M. , " Measurement on alloy type germanium 
transistors and their relation to theory ”, Journal of 
Electronics, Vol. 1, No. 5, March 1956, pp. 461-476. 

38. BURGESS, R.E, , ” Emitter base impedence of junction 
transistors”, Journal of Electronics, Vol. 2, No. 3, 
November 1956, pp. 301-302. 



1% 




40 ., 


42 - 

45 - 


45 - 

4-^.. 


47 .. 


4.. 8, 


4 - 9 . 


5 * 0 . 



YAMAG-UCHI, jr.g, »' On the inductive reactance and negative 
resistance iLa the transistor", Journal of Physical Society 
ol Japan, VoU 11, No. 6, June 1956, pp. 717-718. 

LINPMYER, JT, and WRIGLEY, C. , ' " Some genereYities of 
the t ran si st time mode for two-harrier devices", Journal 
ofElectrort.es and Control, Vol. 13, No. 1, July 1962, 
pp. 137-158. 

DUITA ROY, S,G. , " The inductive transistor", IEEE Trans, 
hircuit theorp, Yol. CT-10, No. 1, March 1963, pp. 113-115. 

LINPIVLIYER, J“ , and NORTH, ¥. , " The inductive effects in 
transistors”, Solid State Electronics, Yol. 8, No. 4, 

April 1965, pp. 409-415. 

ARCHER, J.i. , (JIBBONS, J.F. and PURNAIYA, G.M. , "Use of 
transistor — simulated inductance as an interste^ge element- 
in hroadbamP amplifiers", IEEE Jour, of Solid-State Cir- 
cuits, Yol. SG-3, No. 1, March 1968, pp. 12-21. 

DUTTA ROY, S.C, , " A novel high Q inductance for micro- 
miniature cLrcaits", Proc. IEEE, Yol. 52, No. 2, Pehruar:’' 
1964, pp. 21 i-215. 

SEN, S.K. anJ SEN, A.K. , " Inductive behaviour of a tran- 
sistor circiuit: comprising of n-transistors ", Proc. ISLE, 

Vol. 54, No. 1*2, December 1966, pp. 1978-1979. 

SAITO, T., EiriMA, T. , IKEDA, T.", TMIRil, K. and liNI0,J. , 

" A high Q t eoperature insensitive inductive transistor 
circuit", So ILt State Electronics, Yol. 11, No. 5, May 196 % 
pp. 553-560. 

SABIU, P.S. amt YENELITESWAR/UV, S. , "High Q inductance 
from casco de 1: ransistor amplifier", Porthccming in the 
Jour, of EBE aijiid IRE, India. 


lETNBERG, 2. arad BAR-IEY, A., " Inductance simulation 
using MOS •trai. sisters", Int. Journal of Electronics, 
Yol. 28, No. 6 , June 1970, pp. 517-524. 

MITEil, S.I., '"iinalysis and synthesis of linear active 
networks”, J chr Wiley and Sons, 1969, Chs. 9 and 10, 


DUTTA ROY, S ,C , , " Driving point funotion synthesis using 
a unity ga±i amplifier", IEEE Trans, on circuit theory, 
Yol. 01-17, fflo, 2, May 1970, pp. 266-268. 


EilDELlKRISm. UO, K. 
inductor fro*3i single 
of Eiectroni cs , Yol. 


and YENEATESWARAN, S. , "High Q 
unity gain amplifier", Int. Journal 
29, No. 5, November 1970, pp. 485-489. 




' 1 ; 




Date Slip 

This book is 'to be returned 
on the date last stamped. 




